ABSTRACT Odontomachus (Latreille) and Anochetus (Mayr) (Hymenoptera: Formicidae: Ponerinae) are closely related pantropical genera of ponerine ants that share morphological and behavioral characteristics. A comparative study was carried out using conventional Giemsa staining, ßuoro-chrome staining, and ßuorescent in situ hybridization. Karyotypes revealed a higher stability in chromosome number among Odontomachus species than among Anochetus species. We observed a higher frequency of metacentric chromosomes in the karyotypes of Anochetus compared with the more common telocentrics of Odontomachus species. Differences in the localization of rDNA genes on chromosomes between the two genera also were veriÞed. rDNA genes were found on telocentric and submetacentric chromosomes in Anochetus and on telocentric chromosomes in Odontomachus. Our cytogenetic results lend support to BrownÕs hypothesis that Odontomachus has evolved from a lineage of Anochetus. The karyotype divergence of both genera can be explained by a model of evolution in which there is a tendency to the increase of chromosome number by centric Þssion. Supporting evidence for this hypothesis is discussed.
Odontomachus (Latreille) and Anochetus (Mayr) (Hymenoptera: Formicidae: Ponerinae) are closely related genera of ants that form the subtribe Odontomachiti sensu Brown (1976 Brown ( , 1978 , very similar in morphological and behavioral features. Odontomachus species are usually more aggressive and larger than Anochetus. These genera are known since at least the Oligocene or Miocene (De Andrade 1994) and currently have a pantropical distribution, being especially abundant in the Neotropical region (Brown 1976 (Brown , 1978 Ehmer and Hö lldobler 1995) . Brown (1976) also pointed out that Anochetus radiated more extensively and more radically than Odontomachus, a process that could have been brought about by a longer and more intense evolutionary history. Odontomachus comprises predator ants that are characterized by long mandibles used in a trap jaw mechanism for capturing fast prey (Gronenberg et al. 1993 ) that also can be used in defense against other ants and in ballistic locomotion through "bounce defense jumps" or "escape jumps" (Carlin and Gladstein 1989 , Patek et al. 2006 , Spagna et al. 2008 . The nesting habits differ slightly between the two genera, as Anochetus specimens usually nest in cryptic places such as galleries in branches or rotten trunks, whereas Odontomachus specimens occupy cavities in rotten wood or fallen epiphytes on the ground surface (Brown 1976 (Brown , 1978 Fernández 2003) .
Despite the recognition of similarities between these genera, comparative studies remain scarce. Brown (1976) suggested that Odontomachus is probably derived from a group of Anochetus. This conclusion was drawn based on morphological studies and the worldwide distribution of the species. Recent studies on molecular systematics of ants using nuclear (18S, 28S, long-wavelength rhodopsin, wingless, and abdominal-a) and mitochondrial (cytochrome oxydase I) DNA sequences that included several Ponerinae genera suggest that Odontomachus is monophyletic and Anochetus is its most probable sister group (Moreau et al. 2006 , Spagna et al. 2008 . Cytogenetic studies have provided invaluable information for genetic diversity and taxonomy, as shown in the exemplar studies on Myrmecia spp. of the pilosula group (Hymenoptera: Formicidae: Myrmeciinae) in Australia by Crosland and Crozier (1986) , Crosland et al. (1988) , Imai et al. (1977 Imai et al. ( , 1988a Imai et al. ( ,b, 1994 , Taylor (1991) , Hirai et al. (1994 Hirai et al. ( , 1996 , and Meyne et al. (1995) . A large variation in chromosome number has been veriÞed in the Hymenoptera with both extremes reported in Formicidae ranging from 2n ϭ 2 in the Australian Myrmecia croslandi Taylor (Hymenoptera: Formicidae: Myrmeciinae) (Crosland and Crozier 1986 ) to 2n ϭ 120 in the Neotropical Dinoponera lucida Emery (Hymenoptera: Formicidae: Ponerinae) (Mariano et al. 2008) . Regarding the tribe Ponerini, the karyotypes of only a few species within 10 genera have been succinctly described so far, including 10 Anochetus species and eight Odontomachus species of the Oriental and Australian regions (for review, see Mariano and Delabie 2004) . However, the aforementioned studies mainly discussed the chromosome number for these species without any reference to chromosome morphology.
Previous studies revealed that Anochetus is more variable cytogenetically than Ondontomachus. Its chromosome numbers ranged from 2n ϭ 24 Ð2n ϭ 30, whereas Odontomachus frequently showed higher chromosome numbers with modal number 2n ϭ 44 (Imai et al. 1977 (Imai et al. , 1984b . Whenever the karyograms were available, it was possible to verify a lack of metacentric chromosomes in Odontomachus and its relatively common occurrence in Anochetus. Despite the success of molecular genetics and a few other disciplines in recent comparative analysis, cytogenetics seem to be paramount in answering some prominent questions about biodiversity, such as species delimitation, cryptic species analysis or evolutionary biology, being an important approach in the so-called integrative taxonomy (Schlick-Steiner et al. 2010) . Its potential remains unexplored to address evolutionary questions regarding the karyotype evolution in Anochetus and Odontomachus.
The Neotropical region is regarded as having the richest ant fauna worldwide with the Ponerinae as one of the predominant subfamilies (Fernández 2003) . In Brazil, the occurrence of 12 species of Odontomachus and eight species of Anochetus has been reported (Kempf 1974; Brown 1976 Brown , 1978 Brandão 1991; Agosti and Johnson 2003) . We carried out a comparative study on the karyotypes of species of both genera and investigated whether chromosomal rearrangements may be involved in their divergence. For this comparison, we analyzed Anochetus altisquamis Mayr (Hymenoptera: Formicidae), Anochetus horridus Kempf (Hymenoptera: Formicidae), and Odontomachus meinerti Forel (Hymenoptera: Formicidae), all species living on the forest ßoor or in the litter. We also included in the analysis Odontomachus chelifer (Latreille), the most basal Odontomachus species according to the phylogenetic tree presented by Spagna et al. (2008) . We analyzed the aforementioned species using conventional Giemsa staining, sequential ßuoro-chrome staining, and ßuorescence in situ hybridization (FISH).
Materials and Methods
Samples. The nests of Odontomachus and Anochetus analyzed in this study were collected in localities of the state of Bahia, Brazil, and French Guyana shown in Table 1 . The sampled areas are in the Atlantic rain forest and Amazon forest domains. Climate of these localities is deÞned according to Kö ppenÕs classiÞca-tion (Table 1) . Serra Bonita is a private reserve with a preserved primary Atlantic rain forest area at 800 m above sea level. The other areas correspond to secondary Atlantic rainforest (SAF), secondary Amazon forest (SAmF), and cocoa plantations (CP). The number of nests analyzed for each species in this study varied according to the species abundance in the collection areas. Voucher specimens of each colony were deposited at the Laborató rio de Mirmecologia, Centro de Pesquisas do Cacau (CEPEC), Ilhé us, Bahia, Brazil.
Conventional Cytogenetics. Mitotic metaphases where obtained from cerebral ganglia treated with 0.005% colchicine for 20 min according to Imai et al. (1988a) . Chromosomes were stained with Giemsa (2% stock solution in phosphate buffer, pH 6.8) and photographed using an CX-41 microscope equipped with a C-7070 digital camera (Olympus, Tokyo, Japan). A minimum of Þve methaphases per individual was analyzed. Chromosomes were described according to LevanÕs terminology (Levan et al. 1964) .
Sequential Fluorochrome Staining. Fluorochrome staining (chromomycin A3 [CMA 3 ]/4,6-diamidino-2-phenylindole [DAPI]) followed SchweizerÕs method (Schweizer 1976) . A CMA 3 (0.34 mg/ml) solution was added to each slide, which was covered with a coverslip and incubated at room temperature (RT) for 1 h. The slides were then brießy rinsed in alcohol series and dried. Subsequently, a DAPI solution (2 g/ml) was added to each slide, which was covered with a coverslip and incubated at RT for 30 min. After incubation, the slides were mounted in Vectashield solution (Vector Laboratories, Burlingame, CA). All procedures were performed in a dark room. After 3 d, the slides were observed using an epißuorescence microscope (DMRA2, Leica Microsystems Imaging Solutions Ltd., Cambridge, United Kingdom), and the images were captured using IM50 software (Leica Microsystems Imaging Solutions Ltd.). Fluorescent In Situ Hybridization. For A. altisquamis and A. horridus, rDNA sites were detected using FISH and by using rDNA 45S Arabidopsis thaliana probes labeled with cyanine 3 (Cy3) by nick translation according to Moscone et al. (1996) , with the following modiÞcations. After aging for three days at RT, the slides were incubated at 60ЊC for 30 min. After incubation, 100 l of denaturation mix (100% formamide, 2ϫ standard saline citrate [SSC] , and alcohol series) were added to each slide, which was covered with a plastic coverslip. The slides were then heated at 70ЊC for 7 min and rinsed in distilled water to remove the denaturation mix. After being dried for 1 h at room temperature, 10 l of hybridization mix (rDNA 45S probes [5 ng/l, labeled with Cy3], 100% formamide, 50% dextran, 20ϫ SSC, and distilled water) previously heated at 75ЊC for 10 min was added to each slide. The slides were then covered with a coverslip and denatured again at 75ЊC for 10 min. After denaturation, the slides were sealed with a rubber solution and incubated at 37ЊC in a humid chamber for a minimum of 18 h. After hybridization, the slides were washed in 2ϫ SSC and 0.1ϫ SSC (72% of stringency) and mounted in DAPI/Vectashield medium. The adopted procedures for capturing images were the same as described for the ßuorochrome staining (CMA 3 /DAPI).
Results
Conventional Cytogenetics. The chromosome number and karyotype formula for each species are shown in Table 2 . Conventional Giemsa staining in metaphases of O. meinerti (2n ϭ 44), O. chelifer (2n ϭ 44), and A. altisquamis (2n ϭ 46) allowed us to observe and distinguish chromosome morphology used to construct the ideograms shown in Fig. 1 .
Sequential Fluorochrome Staining. One CMA 3 -positive band was localized on a telocentric chromosome pair in both O. meinerti (15th pair) and O. chelifer (11th pair). Despite the differences in the karyotypes of both species, the chromosome pairs with CMA 3 -positive bands are highly similar in morphology ( Figs. 1 and 2) .
Fluorescence In Situ Hybridization. Two sites of rDNA 45S genes were identiÞed in A. altisquamis and A. horridus. These sites showed a size heteromorphism detected by the difference in the strength of the hybridization signal on the chromosomes. This pattern was observed in at least Þve metaphases of the two analyzed individuals of each species. The rDNA genes were localized on the ninth chromosome pair in A. altisquamis and on the 10th chromosome pair in A. horridus ( Figs. 1 and 2 ).
Discussion
Despite morphological similarities between Odontomachus and Anochetus species, their karyotypes displayed remarkable intergeneric and interspeciÞc differences. Our investigations corroborate previous studies (Imai et al. 1977; Goñ i et al. 1982; Imai et al. 1984a,b; Tjan et al. 1985) , which revealed that Anochetus shows higher karyotype diversity than Odontoma- Chromosomes were classiÞed as metacentric (M), submetacentric (SM), subtelocentric (ST), and telocentric (T) following LevanÕs nomenclature.
chus. The species of Anochetus and Odontomachus analyzed so far show that the karyotypes in the former include metacentric chromosomes that differ from the latter, whose karyotypes are composed by telocentric, subtelocentric, or submetacentric chromosomes (Imai et al. 1977 (Imai et al. , 1984b . It is noteworthy that neither O. chelifer, the basal-most species in SpagnaÕs phylogeny, nor O. meinerti have metacentric chromosomes following the same karyotypic pattern previously reported in this genus. Considering these assumptions, changes in chromosome morphology may have played an important role in the divergence between these genera. According to Imai et al. (2001) , the most probable event responsible for chromosome evolution and karyotype differentiation in insects, and particularly in ants, is centric Þssion.
Odontomachus species most often have a higher chromosome number than Anochetus species and a higher number of telocentric chromosomes (Table 2) . Remarkably, most Odontomachus species analyzed to date showed 2n ϭ 44, except for Odontomachus latidens Mayr and Odontomachus rixosus (Smith) (Hymenoptera: Formicidae) ( Table 2 ). Another important result from our study is that A. horridus showed 2n ϭ 46, an exception in this genus whose modal chromosome number is 2n ϭ 30. To the best of our knowledge, this is the highest chromosome number yet reported in the subtribe Odontomachiti. Anochetus is a more diverse genus with six different karyotypes known, including those in this study, and whose chromosome numbers range from 2n ϭ 24 Ð2n ϭ 46.
The minimum interaction theory proposed by Imai et al. (1988a) states that chromosome numbers tend to increase by centric Þssion and this process could be evolutionarily favored in ants, as it reduces contact between non homologous chromosomes and therefore reduces the genetic risks of deleterious translocations during meiosis. Based on our data, we conclude that centric Þssion may have played an important role in the divergence between these genera, thus explaining the higher number of telocentric chromosomes in Odontomachus. Furthermore, the apparent more stable karyotypes in Odontomachus species, as well as the higher modal number of chromosomes (2n ϭ 44), suggest their more recent divergence relative to Anochetus.
Our results can further support a basal position of Anochetus regarding the localization of the ribosomal genes and the variation in chromosome number in the species studied. In A. altisquamis, ribosomal genes were identiÞed on the short arm of the ninth chromosome pair, which is submetacentric. In contrast, A. horridus ribosomal genes were located on telocentric chromosomes that correspond to chromosome pairs showing CMA 3 bands in O. chelifer and O. meinerti. Several previous studies have shown that the rDNA sites are GC-rich regions and therefore coincide with CMA 3 bands (Schmid 1978 , Manicardi and Gautam 1994 , Grozeva et al. 2004 , Almeida et al. 2006 ).
The localization of rDNA genes on telocentric chromosomes may be a derived character that is highly likely to have been present in the ancestral lineage of Anochetus from which Odontomachus might have evolved. It is therefore reasonable to speculate that A. altisquamis most likely does not form a single line of direct ancestry with the other species compared here, and it may represent a more ancestral lineage in the subtribe Odontomachiti. If this hypothesis is correct, the NOR-bearing chromosome pair of Odontomachus may have resulted from Þssioning of submetacentric chromosomes in its ancestral lineage. However, the karyotype of A. horridus represents a derived condition that has also arisen in this genus. According to Brown (1976) , Anochetus represents the primitive stock of the subtribe and Odontomachus arose from some group of Anochetus. This conclusion is supported by several morphological and behavioral characters pointed out by this author. Our cytogenetic results lend support to this idea especially considering the presence of both ancestral and derived "Odontomachus like" karyotypes among Anochetus species.
SpagnaÕs molecular phylogeny is the most complete phylogeny available to date for the subtribe Odontomachiti. Only two species of Anochetus and 12 species of Odontomachus were included in the analysis, a number that comprises respectively only 2 and 19% of the known species of each genus. A great deal of additional information is necessary to more precisely assess the phylogenetic relationships and, consequently an unambiguous establishment of the directions of karyotype evolution in Odontomachus and Anochetus. A comparative karyotype study that includes more species of both genera and a well-resolved phylogeny will reduce bias in the reconstruction of the evolutionary events involved in their divergence.
